Abstract This paper investigates the sources of goods being shipped through the Arctic passages, and trade generated in the Arctic, including oil and gas exploitation. Furthermore, it assesses the present situation for maritime cargo shipped from the Far East to Northwestern Europe and North America. Two main types of cargo are predicted to pass through the Arctic passages in the future. First, about 10 million t of liquefied natural gas will be delivered from Russia and the Nordic Arctic to the Far East by 2030. Second, there will be two-way trade flow of containerized cargo from the Far East to Europe and the United States through the Northeast, Central and Northwest Passages. This will relieve pressure on present routes from the Far East to Northwestern Europe and North America. If Arctic navigation is technically possible in all seasons and shipping costs fall to those of ordinary ships, then assuming an equal share of shipping volume with the traditional canal routes, the maximum container freight passing through the Arctic passages by 2030 will be approximately 17.43 million TEUs (Twenty-foot Equivalent Units) per year, which is 85% of the volume transported on traditional canal routes in 2011. We conclude that there will be large-scale gas transportation through the Northeast Passage in the near future, and transit shipping across the Arctic will focus more on container transportation. The differences in shipping costs between Arctic routes and traditional canal routes are also compared.
Introduction*
Arctic passages are beginning to be used as sea transportation corridors, connecting the manufacturing centers of the Far East with the consumption centers of Northwestern Europe and eastern North America, in response to climate change and current international trade patterns. The passages comprise three main channels ( Figure 1 ): the Northeast Passage (in northern Eurasia), the Northwest Passage (along the northern rim of North America), and the Central Passage (at high latitudes of the Arctic Ocean). The length of each channel is about 3 000 n mile [1] . The extent of sea ice in the Arctic Ocean is reducing with climate change. The area of summer sea ice dropped to 3.41 million km 2 (about one-quarter of the area of the Arctic * Corresponding author (email: zhangxia@pric.gov.cn) Ocean), another record low [2] , on 16 September 2012. Commercial use of the Northeast Passage began from the melting of the ice, with 46 ships passing through the Northeast Passage(compared with 34 ships in 2011). The freight volume rose from 0.83 million t in 2011 to 1.26 million t in 2012 [3] . The shipping season has expanded to nearly 5 months per year (from the middle of July to early December). With the increase of cargo volume, the Arctic passages have acted as a main line linking Asia and Europe in an early form.
There has been much research on the Arctic passages at home and abroad. However, there has been little quantitative prediction of Arctic shipping considering changes in the extent of sea ice and the current conditions of operation. Such quantitative prediction is required by nations and companies in deciding when they will take advantage of the Arctic passages. This paper first analyzes the distributions and development plans of Arctic resources. Using statistical accounting for one-fifth of the cargo trade. China enjoys six ports which are in the list of the World's Largest Container Ports. So container shipping is the main type of transportation. If China's economic growth remains at 8% per year, then container transportation via the traditional canal routes will increase substantially. If the extent of Arctic sea ice continues to shrink, the transportation time available each year in the Arctic passages will be further extended, and the feasibility of container transportation will increase. Considering this demand, container transportation, especially to China, will be the main type of transportation through the Arctic passages. The scale of this type of transportation will be discussed later in the article. As mentioned earlier, transportation destined for the Arctic region is primarily to assist the delivery of raw materials outward. From development plans for wood and ore to be transported through the Arctic channels, we know that ore exploitation in the Arctic regions of Canada and Greenland is still under discussion [9] ; the Arctic region in Norway has been mined and cargo delivered via the Northeast Passage to the Far East, although reserve will run out within 10 years; there are no exploitation plans for the Arctic regions of Sweden and Finland; Alaska delivers aquatic products, zinc, and copper to Asian markets via its southern ports; and wood and ore sourced in northern Russia are mainly transported by railway and through the Northeast Passage. Another main cargo in the Arctic region is oil and gas, and the region is rich in gas reserves [5] . Natural gas in the Arctic region is mainly distributed in Russia, Alaska and Norway. Oil sands in Canada, mainly distributed in Alberta, are transported through its southern ports after being processed, and not transported through the Northwest Passage. Alaska has rich natural-gas reserves, but transportation of the natural gas in the future will be through pipelines and southern ports. However, because of technical breakthroughs and the rise of output in America's shale gas industry, there is less urgency in developing Alaska's natural-gas reserves. However, the situation is different in Russia and Norway. The shale gas market will probably compete against the natural-gas market, and Russia and Norway have an urgent need to establish a natural-gas development plan for the Arctic. This is evidenced by the freight volume of energy products accounting for more than 70% of the cargoes in the Northeast Passage in recent years. The price of natural gas in the Far East is much higher than that in Europe and North America [10] . The importation of natural gas from Russia to Europe is mainly through pipelines. The natural gas of Russia and Norway is mainly exported to East and Southeast Asia. Therefore, there will be a freight flow of LNG from Russia and Norway to the Far East.
The scale of trade on the route from the Far East to the Arctic is relatively small, and the freight flow is not expected to be large. Table 2 gives the values of trade between China and the Arctic. The value of goods exported from China to the Arctic in 2011 was 340 million USD, which equaled the value of goods exported from Japan and South Korea separately. The total export value from the Far East to the Arctic is 1 billion-2 billion USD. According to the analysis, we can draw a diagram illustrating the pattern of one-way trade flow of LNG from Russia and the Nordic Arctic to East Asia and Southeast Asia ( Figure 3 ).
sage) may open earlier than the Northwest Passage in the shipping season [14] . The Fifth Chinese National Arctic Expedition in 2012 took the Northeast Passage on their outward journey [15] and the Central Passage on their return journey, demonstrating the technical feasibility of navigating the latter route.
In analysis of the theoretical scale of Arctic container shipping, it is noted that the freight volume of containers transported from the Far East to Northwestern Europe is 13.35 million 20-foot equivalent units (TEU) in 2011, and the volume on the Pacific routes is 21.59 million TEU per year, comprising 14.24 million TEU per year on the eastern route and 7.34 million TEU per year on the western route [16] . The freight volume on the Pacific routes is mainly concentrated on the route from the Far East to western North America and routes from the Far East to the Caribbean and eastern North America, with the former route not passing through the Arctic channel. According to the 2012 Faith Report [17] , the freight volume on the Far East-North America eastern route is about 12.01 million TEU and that on the western route is about 6.135 million TEU. The Far East-North America routes account for more than 85% of the total volume on the eastern and western routes of the Pacific lines, including the volume of Canada. On the Far East-North America eastern route, the volume of exports to eastern North America accounts for about 40% of all exports. It is reasonable to assume that on the western route, the volume of exports on the Far East-North America western route also accounts for about 40%. Approximately 34% (85%×40%) of the volume in TPEB(Trans Pacific Traffic East Bound) and TPWB(Trans Pacific Traffic West Bound) then comes from the Far East to eastern North America.
The estimation of future freight volume usually adopts linear, polynomial and power laws [16] . Using the linear and power formulas of prediction methods given in the literature [16] , the present article calculates average results for the freight volumes of the Far East-eastern North American route and the Far East-Northwest Europe Route in 2030, as presented in Table 5 . If the Arctic passages ease the total volume on these routes by 50%, then the container freight volume on the Arctic sea route in 2030 will be 17.43 million TEU, which is a theoretical maximum, being 85% of the volumes of the two traditional routes in 2011. Of course, the feasibility of navigating the Arctic routes is considered to be a more fundamental determinant of what will happen. Although the present article only estimates the maximum volume of shipping in the case of feasible navigation, such estimation of demand may be helpful in deciding the capital investment for development of the Arctic sea routes. 
According to the above analysis, the Arctic routes will ease some of the freight volume on the two traditional routes. The proportion (50%) of Arctic shipping is proposed considering all-year navigability, and competing routes will eventually reach a balance according to their management and service charges. This assumes maximum sharing. However, with current technology, whether the Arctic routes can ease the pressure of container shipping on traditional routes remains an open question. According to the above analysis, there will be great demand for container shipping in the future. However, there are more commercial trails of tankers and bulk freighters than those of container ships. Maritime enterprises will choose the Arctic routes on the basis of cost comparison for the current technology. The fundamental issue is the high cost of transporting on Arctic routes.
Many papers published at home and abroad have compared the operating costs of the Arctic routes with those of traditional routes. Verny and Grigentin [18] and Somanthan et al. [19] conducted comprehensive analyses of container ships. Considering the container ship type and tonnage and the navigation speed and distance as parameters, they compared the required freight rate (RFR) for the routes through the Northeastern Passage, Northwestern Passage, Suez Canal and Panama Canal, under the assumption of year-round navigation in the Arctic. The results are given in Table 6 .
According to Table 6 , the Northeast Passage has an RFR 80% higher than that of the Suez Canal route and the Northwest Passage has an RFR 16% higher than that of the Panama Canal route. Owing to the different navigation conditions for the two Arctic routes, there is a big difference in the assumptions made in Ref. 18 and Ref. 19 . The rental fees of seaworthy ships for the Arctic routes are respectively 128% and 30% higher than rental fees for ships for the traditional routes in the two papers. This accounts for most of the differences in the RFRs for the two Arctic routes and traditional routes. The present article makes a simplified comparison from the perspective of a single ship voyage. Three items are mainly responsible for the high cost of transportation on the Arctic routes: the high rental fee of an ice-class ship, the management and service fees of navigation in ice areas, and the special insurance required for ships navigating ice areas. Compared with transportation on the Arctic routes, transportation on the traditional routes must pay higher voyage fees (shipping fees, fuel charges and environmental emission charges), canal dues and pirate insurance. If the special insurance required for a ship navigating ice areas is equal to the pirate insurance required for a ship on a traditional route, then ignoring environmental emission charges and the optimal design of a container port-of-call link, we only compare three items: the ship rental fee, the management and service fee and the voyage fee.
Rental fees for ice-class and ordinary ships
Rental fees include ship construction fees and depreciation fees for Arctic routes. The construction fee of an ice-class ship is generally at least twice that of an ordinary ship. Because there is no leasing market for ice-class ships, it is difficult to accurately estimate this fee. If the idle ship capacity is taken into account, the rental fee of an ice-class ship may be more than twice that of an ordinary ship. This article prices the rental fee for an ice-class ship at 73 000 USD a day and that for an ordinary ship at 32 000 USD a day on each line [18] .
Management and service fees of pilotage in canal and ice areas
This item and the canel fee are same in nature. But the fee is still compulsory among North Sea routes now. The charges vary widely according to the type and tonnage of the ship, and there is no clear charging standard. In reference to the fees for Xue Long ship and bulk carrier, the fee of a container may range from 400 000 to 800 000 USD. For the Northwest Passage, the Canada Maritime Management Authority currently implements a reporting system without a specific charge. With regard to the canal fee, 10 000-TEU ships passing through the Suez Canal pay 500 000 USD [20] and 5000-TEU ships pay 300 000 USD. In the case of the Panama Canal, 5000-TEU ships pay approximately 450 000 USD [21] .
Voyage fee
The difference in the voyage fee depends mainly on the difference in the shipping mileage between the Arctic route and the traditional route. The mileage of the traditional route from Shanghai to Hamburg is 10 715 miles and that from Shanghai to New York is 10 567 miles. The mileage of the Arctic route from Shanghai to Hamburg is 7 952 miles and that from Shanghai to New York is 8 632 miles. If the average speed is 20 knots, the time savings achieved by taking the Arctic routes are respectively 6.7 d and 4 d (Table 7) . Ships with capacity of 5 000 TEU use 103 t of fuel per day, the fuel charge is 103×700=72 100 USD per day and the crew wages are 3 333 USD per day. This gives a total voyage fee of 3 333+72 100=75 433 USD per day (Table 8) . Table 8 shows that under the condition that a single ship does not wait when passing through the Suez Canal (or waits for a period less than any delay incurred by the ship on the Arctic route), transportation through the Northeast Passage will cost 220 000 USD more than that on the traditional route. The expensive management and service fee charged by Russia may limit the trail shipping of containers through the Northeast Passage. The Canada Maritime Management Authority has not issued a specific service-charging policy for the Northwest Passage. Its comparative advantage is thus 140 000 USD. However, the Northwest Passage is more difficult to navigate than the Northeast Passage, and it not been opened to cross-border commercial shipping at present. 
Discussion and conclusion
There is great potential in the commercial development of Arctic routes in the future and potential competition between the Arctic routes and the Suez and Panama Canal routes. From the above analysis, we discuss the following points.
(1) If the construction fee of an ice-class ship remains unchanged and, at the same time, the service fees for Arctic routes are lowered, there will be an obvious competitive advantage in using the Arctic routes over the traditional routes. As the transportation of freight on traditional routes continues to increase, the delay costs for ships as they pass through the Suez and Panama Canals will further increase. Meanwhile, the Arctic route has an obvious advantage over the route around the Cape of Good Hope. This means that the Suez and Panama Canals will have to adopt a lower pricing policy to compete with the Arctic routes.
(2) If there is a navigation carbon tax in the future [22] , a faster boat speed will attract a higher levy of navigation tax because of the increased carbon emission. Low steaming of container shipping on the Arctic routes will then present an obvious advantage, in that it will allow shipping at lower speed over a short distance in the same timeframe compared with shipping on the traditional routes.
(3) The expensive management and service fee for the northern route above Russia is a major constraint of Arctic shipping. On 28 July 2012, Russian President Vladimir Putin signed the federal law Modifications on relevant Provisions of Commercial Shipping in the Northern Sea Route, which modified three legal documents-The Russian Natural Monopoly Law, Federal Act on the Internal Maritime Waters, Territorial Sea and Contiguous Zone of the Russian Federation, and The Merchant Shipping Code of the Russian Federation-and replaces mandatory fees with fees charging according to services. This move will significantly improve the competitiveness of transporting through the Northeast Passage. Note that there may be an Arctic Central Passage, which mainly lies in the high seas, and avoids the expensive management and service fee and could compete with the Northeast Passage and Northwest Passage. Therefore, it is an inevitable that the management and service fee for Arctic routes will reduce.
(4) If the Arctic routes permit all-seasons navigation, the results of market competition between the Arctic routes and traditional routes must be an equal sharing of the container volume. As a seasonal route, the Arctic routes have idle ships for the liner container operation for several months, which has been reflected in the cost, although the navigation time has increased from 3 to 5 months. Additionally, the uncertainty of the distribution and the movement of sea ice affects the plans of liner operators, which require a higher level of punctuality. This is the main reason why there are few trail ships on the Arctic routes. If there are breakthroughs in the construction technology of ice-class ships, an optimal design of the operating links, and changes in navigation tax, then the disadvantage of transporting on Arctic routes will be overcome. At that time, the advantage of the Arctic route, compared with the traditional routes, will show up.
The shipping of natural gas through the Northeast Passage is important in the early and middle terms of Arctic transportation, while there will be increasing demand for container shipping on the Arctic route against a backdrop of a steadily developing Chinese economy. The history of world shipping shows that demand stimulates capital to open up new routes, generating advanced technology. At the same time, the continued melting of sea ice will decrease technical difficulties and reduce costs. Furthermore, we should hold an optimistic view for the development of a ship that does not require a nuclear-powered icebreaker for navigation, costs as much as an ordinary ship, and operates in all seasons.
